The temperature distribution on the silicon sensors and the cooling system performance for the D0 Run2b stave have been investigated. The tests have been carried out on a carbon fiber skin only stave, with and without heat input at two different chiller temperatures (-9.1°C and -19.1°C).
Abstract
The temperature distribution on the silicon sensors and the cooling system performance for the D0 Run2b stave have been investigated. The tests have been carried out on a carbon fiber skin only stave, with and without heat input at two different chiller temperatures (-9.1°C and -19.1°C).
For a bulk temperature of-14.5°C and a 14W total heat load, the stave surface has reached a peak temperature of +3.3°C, localized under the readout chip. The "hot spot" in the hybrid region extends about twice the length of the hybrid with an average temperature of about -4.6°C over this area.
Beyond this the stave surface has a uniform temperature of -11.5°C. The film coefficient of the coolant has been calculated to be about 650W/m 2 K using these measurements. A finite element analysis has confirmed the analytical calculations, providing a temperature profile consistent with what has been experimentally observed.
A further finite element study has been performed in order to predict the temperature distribution in the actual stave design (46mm wide; kapton core skin; 950µm thick hybrid; 7.2mm × 1.8mm tube inner size; -15°C bulk temperature; 700W/m 2 K film coefficient). The silicon temperature ranges from about -10.8°C far from the readout chips to about 0°C under them, the temperature drop between the sensor and the PEEK inner wall being 3°C and 10.5°C respectively.
Test description
In order to reduce the uncertainty affecting the thermal resistance between stave surface and inner wall of the cooling pipe, the 42mm wide core is made only of Rohacell with on top a 250 µm thick carbon skin 1 . The cooling tube is 1.8 mm high by 5.2 mm wide (inner dimensions). Considering the high thermal conductivity of the silicon and the beryllia and the thin layer of glue 2 , the temperature values on the carbon fiber skin can be assumed close to what the silicon would experience.
The test setup is shown in Figure 1 The heat load from the readout chips is simulated using two 120Ω strain gages (model Omega SG 30/120-LY40) per hybrid; due to power supply limitations, each strain gage dissipates 1.75W (the maximum operating heat load from 5 chips is expected to be 2.5W). The data acquisition system is based on a NI 4351 board produced by National Instruments. Figure 1 -3 shows a typical data plot; the change in coolant temperature (from -9.1°C to -19.1°C, T @ the chiller) can be clearly seen as well as the two segments with heaters on.
The room temperature was 24.3°C. 1 A previous set of tests has been performed on a stave with Rohacell core reinforced with a 250 µm thick carbon fiber sheet, 2 mils insulating kapton, 600 µm sensors and 400 µm aluminum hybrids. Unfortunately the bad glue joint between the sensors an the hybrids has made it impossible to estimate the actual amount of heat transferred to the stave. Besides that, a leak in the cooling pipe has prevented any repairing of the stave.
2 For a 3 mils glue joint over an area of 42 mm x 50 mm, ∆T is about 0.35°C / W. 3 The choice of different types of temperature sensors is made in order to compare the different performance of the devices.
The thermistors are supposed to exhibit a faster response and, because of their relatively high impedance, smaller lead resistance error and self-heating error; however, for the present tests, the RTDs have shown higher accuracy and virtually no temperature offset between them. 
Heat transfer analysis
The net heat removed from the stave can be calculated, once the mass flow and the temperature difference between inlet and outlet are known, from the relation properties for ethylene glycol 40.6% volume (see [1] ).
An indicator of the validity of the approach is to compare the terms out Q and 
Q out is net heat removed from the stave, Q heaters is the heat dissipated by the strain gages and, A stave is the total surface areas of the stave, T room is the room temperature and In Figure 1 -5, the temperature profile along the stave -calculated with the FE method -is shown together with the temperatures provided by the sensors in the five control points (see Figure 1 -2). The four peaks in the temperature plot represent the location where the heaters are mounted.
For two out of three cases the agreement between FEA prediction and measured data is excellent. The remaining third case study -red colour in the plot of Figure 1 -5 -has an error of about 30-37%; in this case the measured temperature is higher than theoretically predicted. A possible explanation is that the stave surface was not at steady state conditions yet; indeed that set of data were acquired at the beginning of the experiment, starting from about 24°C room temperature conditions 5 . 
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Conclusions of these experiments
The tests showed that with a bulk temperature of -14.5°C and a dissipated heat of 1.75W per strain gage, the achieved temperature on the stave surface is below -11°C, the peak temperature being +3°C under the hybrid chips (FE result). The region adjacent to the chips is characterized by strong temperature gradients (-6.6°C at the center of the hybrid region, value confirmed experimentally), area that roughly extends for a span twice the length of the hybrid itself (see Figure 1-6 ).
Tb = -11.85°C
The calculated coolant film coefficient, although slightly dependant on the bulk temperature, is about 650 W/m 2 K for a 5.2mm by 1.8mm pipe. A confirmation of the validity of this result comes from the good agreement of the finite element analysis with the measured data. The temperature drop between the stave surface (carbon fiber skin) and the inner wall of the cooling pipe has been calculated to be 0.6°C far from the hybrids, and 2.5°C at the center of the hybrid region.
A numeric summary is given in Figure 1 -7. 
AVERAGED MEASURED TEMPERATURES
Figure 1-7 -Averaged measured temperatures [°C] in different conditions (on-board stave heaters on/off, different T @ chiller), fluid and thermodynamic properties.
Expectations for the final stave geometry and heat loads
Since the actual stave design has gone through a continuous refinement, a further finite element study has been performed. The stave width is now 46mm and the core lay-up is (see square in Figure 1- The pipe inner size is 7.2mm × 1.8mm. For a bulk temperature of -15°C and the given pipe geometry the calculated film coefficient is ~700 W/m 2 K. Only the heat dissipated by the hybrids (5W/hybrid) has been modeled, the heat generation in the sensors and the heat exchanged by convection with the environment have been neglected.
The double thermal and geometrical symmetry in the stave has allowed to simplify the model, restricting the study to one quarter section only and to a longitudinal region of 150mm centered on the hybrid.
Two different silicon temperature profiles have been represented in Figure 1 Although the silicon temperature profiles for both cases are similar, a higher hybrid thermal conductivity helps to better spread the heat longitudinally with a beneficial leveling of the temperature gradient.
The maximum silicon temperature is reached under the hybrid and is slightly under 0°C. Far from the readout chips the silicon temperature falls to about -10.8°C. The temperature drop between the silicon surface and the PEEK inner wall is 10.5°C under the hybrid and 3°C far from it. 
Appendix -the code
The data refer to the case with heaters on and T chiller set at -19.1°C.
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